Targeting nitric oxide signaling with nNOS inhibitors as a novel strategy for the therapy and prevention of human melanoma. 
Introduction
U ltraviolet (UV) radiation has been implicated as a major environmental contributor to the development of most cutaneous melanomas (CMs). Sunscreens and sun awareness behavior have been used for the prevention of CM, but their clinical utility remains controversial (6) . The mechanistic role of UV radiation in melanomagenesis needs to be more comprehensively defined (39, 40) . In human skin, UV radiation not only generates reactive oxygen species (ROS), but also produces a marked increase of nitric oxide (NO) (48) . The contributions of ROS to melanomagenesis have been extensively studied by our group and other researchers; however, characterizations of the effects of NO and its detailed molecular mechanisms have been quite limited. NO is predominantly produced from L-arginine by nitric oxide synthase (NOS). Via interacting with superoxide anion, NO generates highly reactive oxidants such as peroxynitrite, resulting in DNA damage and protein modifications at the post-transcriptional levels, including S-nitrosylation and S-glutathionylation (34) . These biochemical changes are associated with carcinogenesis, cell cycle progression, drug resistance, and antiapoptosis (38, 44, 45, 54, 55) . In the skin, serving as an important second messenger, NO-mediated signaling also contributes to UV-induced melanogenesis and pigmentation (47) . Large quantities of NO have been detected in many types of cancer tissues, and the roles of NO in carcinogenesis, cell survival and proliferation, tumor growth, and metastasis have been well documented in nonmelanoma skin cancer and other tumors (1, 46, 48) . Constitutive production of NO in melanoma results in increased proliferation, impaired immune response, and lymphangiogenesis, which has been associated with poor survival in patients (13, 16, 35) . However, other studies showed that NO-donating compounds exhibited antimelanoma activities (33) . The distinct effects of NO observed might be due to different NO levels and the distinct study models (19, 55) .
The NOS family comprises the following: inducible (i)NOS, endothelial (e)NOS, and neuronal NOS (nNOS), the latter of which is expressed mainly in neural tissue. Previous studies have largely focused on iNOS and its inhibitors, which exhibited promising chemopreventive activities in skin carcinogenesis but limited antimelanoma potential (8, 51) . As melanocytes originate from the neural crest and have many gene expression characteristics similar to neural cells (12) , nNOS may play a unique role in regulating NO levels in melanocytes. For example, Ahmed et al. have reported a progressive increase of nNOS expression in nevi and melanoma biopsy samples (2) , suggesting that the de novo expression of nNOS may be a marker for an early stage of melanoma. Differential expression of nNOS in tumorigenic and nontumorigenic variants derived from the same melanoma cell line also has been reported (25) . In addition, a recent clinical epidemiologic study investigated the role of polymorphisms of nNOS as related to outcome and demonstrated that certain nNOS (but not iNOS) genotypes were associated with an increased risk of CM (28) .
In our study, we demonstrate an important role of nNOS in melanoma progression. Utilizing nNOS as a druggable target, we have also synthesized and in vitro screened potent specific inhibitors with antimelanoma activities.
Results

NO stress stimulates the proliferation of melanoma cells in vitro
The NO donor (Z)-1-[2-(2-aminoethyl)-N-(2-ammonioethyl) amino] diazen-1-ium-1,2-diolate (DETA/NO) was utilized to mimic NO stress in cell culture media. As shown in Figure 1A , in human primary melanocytes, cell proliferation measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide colorimetric assay in a 12-day period was significantly stimulated by DETA/NO exposure compared to control. At the end of the experiment, melanocytes incubated with DETA/NO were still proliferating, while the proliferation of control cells peaked by day 6 then decreased. When extending the exposure time of DETA/NO in melanocytes to 10 weeks, surprisingly, we observed that many foci formed in culture dishes and cells exhibited notable vertical growth potential: these foci were subcloned and reseeded at a low density and showed evidence of continued foci formation. Marked stimulation of proliferation was also evident in human metastatic Lu1205 cells with DETA/NO (100 lM) treatment (Fig. 1B and Supp Fig. S12 ). Notably, in A375 melanoma cells, as shown in Supplementary Data (Supplementary Fig. S10 ; Supplementary Data are available online at www.liebertpub.com/ars), such induction by DETA treatment reached a peak at 10 lM, which was, however, reversed by a higher concentration of DETA (50 lM), suggesting that a lower level of NO is more proliferative in human melanoma. On the contrary, such increases were not significant in primary melanoma wm3211 cells. The subsequent immunoblotting analysis (Fig. 1E ) revealed that DETA treatment only generated a marginal increase of nNOS expression in wm3211 cells, which recovered quickly by 24 h. On the contrary, marked induction of nNOS was evident in metastatic Lu1205 cells and peaked after 24 h of treatment. Such differential regulations of nNOS expression might explain the distinct responses of cells to DETA-stimulated proliferation.
To explore the effects of UV radiation on NO generation, primary melanoma wm3211 cells were irradiated with UVA (3 J/cm 2 ) or UVB (25 mJ/cm 2 ), respectively. The intracellular NO levels were detected by the Griess reagent, which measures nitrite concentrations. Given the fact that nitrate may also be produced in addition to nitrite by NO, such measurement was limited to determine relative NO levels. As shown in Figure 1C and Supplementary Fig. S9 , both UVA and UVB significantly induced NO generations; however, the pattern of induction of UVA and UVB was different. UVB-induced NO generation was rapid (30 min), potent, peaked by 4 h, and was gone by 24 h, while the increase of NO by UVA radiation was not evident until after 24 h and lasted for at least 72 h.
Employing the ultrasensitive colorimetric NOS assay, our study demonstrated that compared to immortalized melanocytes (Mel-ST cells) all tested human melanoma cell lines exhibited a marked elevation of total NOS activities, although no correlations were evident with the metastasis status of tested cell lines (Fig. 1D ).
nNOS expression is sensitive to UV radiation and growth factors and is elevated in melanoma compared to normal melanocytes As shown in Figure 2A , immunoblotting assay revealed that the nNOS expression levels in human melanoma cell lines were much higher compared to levels in primary normal human melanocytes. Since UVB-melanoma in the hepatocyte growth factor/scatter factor (HGF/SF) transgenic mouse melanoma model is well characterized and recapitulates fairly well the etiology and induced histopathology of human
Innovation
Targeting neuronal nitric oxide synthase/nitric oxide (nNOS/NO) with novel inhibitors represents an innovative strategy for the prevention of melanoma progression. With more selective, bioavailable, and potent inhibitors, we expect to avoid off-target side effects and anticipate that NO/nNOS-targeted therapy will be translated into a clinical compound within the next few years for the chemoprevention and treatment of melanoma. To date, only sunscreens and sun awareness behavior have been proposed or used for the prevention of cutaneous melanoma with mixed results. Our study has also identified that ultraviolet radiation plays a role in cell signaling via nNOS-NO pathway relevant to melanoma proliferation and invasion. Our innovative approach targeting nNOS/ NO may become highly significant for other malignancies as well. were much higher than that of adjacent normal skin (Fig. 2C) , and the average staining score of pooled melanoma samples was increased by 1.9-fold ( Fig. 2D ; p < 0.05). When grouping melanoma samples based on disease stage, we observed a trend of increased nNOS staining scores with melanoma progression from patient biopsies (trend analysis, p < 0.0001; Fig. 2D ). The average score of T4N0M0 samples was 2.56, approximately twofold as compared to that of T2N0M0 samples, which are much thinner and at earlier stages (1.33) .
Given that UV radiation induced a marked increase in NO levels, we investigated the effects of UV irradiation on nNOS expression. Notably, both UVA and UVB treatments Increased nNOS stainings in melanoma biopsies were significantly correlated with disease stages. Immunohistochemistry (IHC) staining score was determined by the average percentage of cells positive for nNOS: 0, 0%-5%; 1, 6%-30%; 2, 31%-59%; and 3, > 60%. The number of samples in normal, T2N0M0, T3N0M0, and T4N0M0 were 23, 3, 9, and 10, respectively. *p < 0.05 compared to normal skin tissue. (E, F) nNOS expression is markedly induced by UVA (E) or UVB (F) radiation in human melanoma cells. The represented data were done in wm3211 cells. (G, H) Basic fibroblast growth factor (10 ng/ml) treatment stimulated nNOS expression in immortalized human melanocytes, but DETA/ NO incubation and UVB radiation failed to induce nNOS levels in normal Caucasian melanocytes. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars efficiently induced the expression of nNOS protein, but in different time-related patterns (Fig. 2E, F) . The induction of nNOS by UVA lasted much longer (for at least 3 days), while UVB-induced nNOS peaked at 6 h and diminished quickly. Such distinct patterns coincided with NO level changes after UVA or UVB irradiation, indicating the direct involvement of nNOS in UV-induced NO production in melanoma cells.
Interestingly, in human immortalized melanocytes, the growth factor basic fibroblast growth factor (bFGF), which stimulates melanoma growth (5), markedly induced nNOS expression markedly (Fig. 2G) . However, nNOS induction by UVB and DETA/NO, evident in melanoma cells, was not observed in primary melanocytes (Fig. 2H ).
nNOS silencing was associated with reduced tumor growth and invasion potential in metastatic melanoma cells both in vitro and in vivo Using small interfering RNA (siRNA) transfection, we transiently knocked down nNOS in two metastatic melanoma cells (A375 and Lu1205) (Fig. 3A) . Immunoblotting analysis showed that with nNOS depletion, the expression levels of JunD, MMP-1, APE/Ref-1, and Bcl-2 were significantly reduced, which are well-known genes that contribute to melanoma proliferation and invasion (58, 59, 61) .
Utilizing lentiviral-based shRNA, we successfully established melanoma cell lines (A375 and Lu1205) with stable nNOS knockdown for further in vivo lost-of-function studies (Fig. 3B ). In parallel with decreased MMP-1 expression, the invasion potential of metastatic melanoma was markedly decreased by stable nNOS depletion as assessed by matrigel invasion assay ( Fig. 3C and Supplementary Fig. S2 ).
To investigate whether nNOS depletion affects melanoma growth and metastases in vivo, we inoculated human metastatic melanoma A375 cells carrying control shRNA or nNOS shRNA, respectively, into nude mice. In contrast with the highly aggressive tumor growth of A375/control cells, inoculation of nNOS-depleted cells exhibited a predominant reduction of the size of tumor xenografts, thereby suggesting the antimelanoma capacity with loss of nNOS function (Fig. 3D) . By the end of the experiment, as shown in Figure  3E and F, the average weight of xenografted tumors was significantly decreased to 53% of control group (control: 1.13 g; nNOS shRNA: 0.60 g; p < 0.001). No statistic difference in body weight occurred between the two experimental groups. Similar inhibitions of tumor growth by nNOS knockdown were also evident in Lu1205 cells (Supp Fig. S3 ).
At the end of the experiment, the lung tissue of each mouse was also carefully removed and weighed. The metastases identified in the lung were determined by positive HMB-45 immunohistochemical staining, which is a typical biomarker of human melanoma cells (Fig. 3H ). Histological sections of control lungs showed considerable strong positive staining in four out of five mice (80%); however, the lung metastases with positive HMB-45 staining were only developed in two of five mice inoculated with nNOS-depleted melanoma cells (40%). The HMB-45 staining densities were also lighter compared to control samples (Fig. 3H) . Consistently, the lung wet weight of the nNOS knockdown group was reduced significantly compared to that of control samples as shown in Figure 3G ( p < 0.05, N = 5).
Effects of nNOS inhibitor cpd8 on human melanoma cells
We tested a number of synthesized nNOS inhibitors as listed in Table 1 . The candidate compounds with lower K i / nNOS values exhibited higher binding affinities and more potent enzyme inhibition. The calculated values of K i (eNOS)/ K i (nNOS) and K i (iNOS)/K i (nNOS) represented the relative selectivity of nNOS over eNOS or iNOS, respectively. Among these compounds, cpd8 (Fig. 4A ) exhibits 3000-fold selectivity for nNOS over eNOS and 840-fold selectivity over iNOS. Further, cpd8 binds tightly to nNOS and its K i (nNOS) is very low (17.7 nM).
At 1 lM concentration, cpd8 effectively inhibited the NOS activity in metastatic Lu1205 cells; however, its inhibitory activity decreased after 48 h, suggesting that the inhibition of nNOS by cpd8 is potent but reversible (Fig. 4B) . Spermidine trihydrochloride, a commercially available nNOS inhibitor, generated a comparable inhibition of NOS activity at a concentration of 10 lM; 10-fold of cpd8.
Although cpd8 does not affect basal nNOS levels of melanoma cells up to a concentration of 200 lM (not shown), cpd8, as low as 1 lM concentration, effectively inhibited the induction of nNOS by DETA/NO or UVB radiation treatments (Fig. 4C, D) . As shown in Figure 4E , DETA/NO-stimulated proliferation was significantly reversed by cpd8 cotreatment. Similar reduction in cell invasion potential was also evident by cpd8 cotreatment, which efficiently alleviated the increased invasion by DETA/NO exposure (Fig. 4F) . Notably, as shown in Supplementary Fig. S7 , cpd8 exhibited no apparent cytotoxic effect on human primary fibroblast cells, keratinocytes, and immortalized melanocytes up to 100 uM.
L-Arginine significantly enhanced the growth and invasion of human melanoma due to nNOSmediated NO stress, which is effectively inhibited by nNOS inhibitors but not iNOS inhibitors As shown in Figure 5A , an in vitro matrigel-coated chamber invasion assay demonstrated that incubating metastatic melanoma cells with L-arginine (2.87 mM), a NOS substrate, markedly enhanced the invasion potential, which was efficiently reversed by cotreatment with nNOS inhibitor cpd8. Immunoblotting analysis revealed the induction of nNOS protein expression by L-arginine incubation, which peaked quickly after exposure for 4 h (Fig. 5B) . Our in vitro study also showed that L-arginine treatment significantly stimulated cell proliferation in melanoma Sk-Mel28 cells (Fig. 1B and Supp  Fig. S12 ). In addition, we constructed artificial human skin equivalents in a three-dimensional (3D) setting incorporating human metastatic melanoma cells, keratinocytes, and fibroblast cells on a collagen base. As shown in Figure 5C , after 2 weeks of treatment, L-arginine significantly promoted melanoma growth compared to control and melanoma lesions spread over the epidermis layer. Some of these lesions grew deeper and invaded downward toward the dermal layer. All the lesions were stained positively for melanocyte marker S100 ( Supplementary Fig. S6 ). Cotreatment with nNOS inhibitor cpd8 (2 lM) reversed the overgrowth induced by L-arginine, and the skin reconstruct samples looked much like the control with a smooth epidermal surface.
To investigate whether L-arginine-induced NO generation in melanoma is mediated by nNOS, we incubated nNOS-depleted cells with L-arginine and analyzed intracellular NO levels. As shown in Figure 5D , L-arginine failed to induce NO production in nNOS-depleted cells, which indicated that L-arginine-induced NO generation in melanoma was predominantly mediated by nNOS utilizing L-arginine as the substrate. Notably, the induction of NO levels that occurred after L-arginine exposure was only reduced by the nNOS inhibitor cpd8 (Fig. 5E ). Increased amounts of resveratrol and curcumin (up to 50 lM, two well-documented iNOS inhibitors) failed to inhibit the increase of NO by L-arginine in human melanoma cells. Consistently, as shown in Figure 5F , other commercially available iNOS inhibitors such as 1400W and aminoguanidine (1 lM) exhibited no significant inhibition on melanoma invasion after 24 h of treatment. In addition, the adhesion of melanoma cells to fibroblasts was only marginally reduced by exposure to 10 lM 1400W treatments ( p > 0.05), while, notably, cpd8 at 1 lM markedly inhibited melanoma adhesion potential compared to control (Fig. 5G) .
Novel nNOS inhibitors showed promising antimelanoma activities
As shown in Figure 6A , all tested nNOS inhibitors efficiently diminished UVA-induced NO production at 1 lM concentration. With a cotreatment, NO levels, in most of the samples, were reduced to basal levels comparable to that of control. Treatments with these inhibitors alone also significantly reduced the invasion potential of metastatic melanoma A375 cells (Fig. 6B) . Further, cell adhesion analysis revealed that short-term treatments with nNOS inhibitors significantly inhibited L-arginine-stimulated adhesion of metastatic A375 cells to human primary fibroblast cells (Fig. 6C) . At a concentration of 2 lM, cpd8 exhibited the most potent inhibitory effect among all the tested inhibitors of relative adhesion compared to L-arginine alone.
To determine whether the inhibitions of nNOS correlated with their anti-invasive activities, we employed linear regression analysis utilizing SAS statistic software (Supplementary Notably, cpd2 (Table 1) showed promising cytotoxicities in our tested melanoma cell lines (wm3211 and Sk-Mel28), and the IC 50 was 5 and 3.5 lM, respectively (Fig. 6D) ; however, on the contrary, up to 5 lM cpd2 exhibited no predominant effects on cell viability in human immortalized melanocytes (Supp Fig. S4) . Such selectivity will definitely be advantageous for in vivo treatment with reduced side toxicities. In addition, further structure-activity analysis demonstrated that the antimelanoma potency may be related to the phenyl group attached to the pyrrolidine N atom, and since the homolog of cpd2, which is the same as cpd2 except that the phenyl group is absent, does not exhibit any toxicity to melanoma cells, even up to 50 lM (Supp Fig. S1 ).
In contrast to cpd2, the commercially available iNOS inhibitor 1400W (100 lM) exhibited no apparent inhibitory effects on melanoma cell proliferation (as shown in Supplementary Fig. S5 ).
Discussion
In the United States, there is a rapidly increasing incidence of CM, which is becoming a substantial public health concern (50) . In this study, we identified the potential connections between nNOS/NO stress and melanoma progression. We have shown that in melanoma, nNOS, which is sensitive to UV radiation, is associated with the increased generation of intracellular NO, which in-turn stimulates proliferation and invasion. Utilizing novel highly selective nNOS inhibitors significantly reduced the invasion potential of melanoma cells in vitro. Consistently, our study has also demonstrated the significant growth inhibition and suppression of pulmonary metastasis by stable nNOS depletion in highly metastasizing melanoma cells in vivo. It may thus be possible to target nNOS with specific inhibitors as an effective novel strategy for the prevention and treatment of melanoma.
Why is nNOS important for melanoma development?
iNOS is markedly induced after UV radiation such as a sunburn, and plays an important role in carcinogenesis and skin tumor development which has been well documented in many human and animal studies (8, 15, 24) . In human melanoma, studies also demonstrated that iNOS expression was associated with poor survival and predicted metastasis (13, 16, 56) . Specific iNOS inhibitors were shown to inhibit melanoma growth (42, 51) ; however, when looking into the specific iNOS inhibitors tested in these studies we noticed that these compounds actually were not so selective for iNOS inhibition (7, 32) . For example, the K i value for iNOS and nNOS of compound 1,4-PBIT was 7.4 and 16 nM, respectively, indicating that the iNOS selectivity over nNOS was only 2.2-fold. We concluded that the reduction of melanoma growth caused by these compounds cannot be due solely to iNOS blocking. In addition, poor cellular permeability of these compounds and their associated systemic toxicity have limited their potential success in the clinic. Many candidate chemopreventive agents such as natural products found in fruits and herbs (resveratrol and curcumin), exhibit potent inhibitory effects on NO generation and, specifically, modulation of iNOS expression; chemoprevention activity has been observed in a wide range of in vitro and in vivo studies (30, 53) . However, in melanoma cells, increased intracellular NO generation by L-arginine supplementation was not affected at all in our studies by resveratrol and curcumin even up to a concentration of 50 lM. On the other hand, the nNOS inhibitor cpd8, at as low a concentration of 1 lM,
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efficiently inhibited NO production in melanoma, indicating that the NO generation is predominantly mediated by nNOS rather than iNOS.
A prior study showed that iNOS was expressed de novo in most benign pigment cell lesions, while iNOS played a less significant role in vertical growth phase and in metastatic melanoma (3). In our histological study of melanoma biopsies, there was a significant trend of nNOS staining increasing with disease stage suggesting that nNOS staining may serve as an adjunct biomarker for melanoma diagnosis. We propose that NO stress mediated by nNOS contributes more to disease progression rather than serving as an initiating event, which has also been supported by our in vivo studies. We did not observe a significant delay of tumor occurrence after inoculation, but the tumor growth rate and lung metastases were prominently inhibited by nNOS depletion.
In addition, even at a much higher concentration, compared to nNOS inhibitor cpd8 commercially available iNOS inhibitors failed to effectively inhibit melanoma proliferation and invasion, which strongly supported our argument that targeting nNOS signaling is not only a novel but could potentially be an effective intervention for human melanoma.
Distinct effects of UVA and UVB radiation on nNOS activity and expression patterns
There is much disagreement regarding the relative roles of UVA and UVB in melanomagenesis. In many transgenic mouse and Xiphophorus hybrid fish models, UVB, but not UVA, exhibits carcinogenesis potential and induced melanoma lesions (10, 41) . However, recent epidemiological studies suggest an involvement of UVA in the genesis of CM as well (4) . Interestingly, our study exhibited distinct effects of UVA and UVB on nNOS induction and NO generation, suggesting that their regulatory mechanisms are different.
The large increases of nNOS expression induced by UVA lasted for at least 72 h with significantly elevated intracellular NO production. However, one study showed that in human keratinocytes, UVA-mediated NO formation was nonenzymatic and came from ''NO storage'' in the skin (29) . Therefore, the induction of nNOS/NO by UVA might be of specific importance for melanoma cells. UVB-induced nNOS occurred in a transient, short-duration manner; the induction of NO was evident shortly after UVB exposure and peaked at 4 h followed by a sharp drop. Although similar transient nNOS induction after UVB exposure was reported in HaCaT kerationcytes, the predominant elevation of NO levels was mediated by iNOS induction especially in the late phase post-UVB ( > 6 h) (31) . We propose that the long-lasting nNOS induction by UVA might account for delayed chronic responses; the transient nNOS induction by UVB might contribute to acute reactions. Determination of the detailed regulation mechanisms will need to be characterized and defined in future studies. In addition, we failed to detect any significant changes of iNOS or eNOS expression levels in wm3211 cells after UVA radiation (Supplementary Fig. S8 ), which, from another point of view, further demonstrated the predominant role of nNOS in UV-activated NO signaling in human melanoma.
L-Arginine, the substrate of nNOS, enhances the growth and invasion of melanoma
In human melanoma, L-arginine is of particular importance. One reason is that, in melanoma cells, L-arginine serves as the substrate for overexpressed nNOS to generate NO; another reason lies in the special amino acid metabolism that occurs in melanoma. In normal tissues, arginine is not an essential amino acid, but melanoma depends on an exogenous supply of arginine due to the lack of de novo argininosuccinate synthetase (49) . Currently, recombinant arginine deiminase, an Arg-degrading enzyme, is in Phase II clinical trials for metastatic melanoma patients (60) . Our study showed that L-arginine significantly enhanced the invasion potential of melanoma cells with increased NO production and stimulated melanoma overgrowth in a 3D skin reconstruct. Notably, in addition to serving as an enzyme substrate, our study also showed that L-arginine incubation induced nNOS expression levels which further enhanced intracellular NO generation. The mechanism underlying such induction by Larginine might be due to an NO-mediated feed forward activation of NOS as we have reported previously (61) , but details need to be outlined in future studies. Consistently, in melanoma, the knockdown of nNOS or the utilization of specific nNOS inhibitors reversed the effects of L-arginine suggesting that the stimulating effects of L-arginine, at least in part, resulted from nNOS-mediated NO stress. The combination of L-arginine deprivation (via diet manipulation) with nNOS inhibition might achieve a better antimelanoma efficacy. 
nNOS, neuronal nitric oxide synthase; iNOS, inducible NOS; eNOS, endothelial NOS.
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Inhibition of nNOS with novel inhibitors
NOSs consist of a reductase domain, an oxygenase domain, and the substrate L-arginine. Although the three mammalian NOS isoforms (iNOS, nNOS, and eNOS) share *50% amino acid identity (26) , the crystal structures of the oxygenase domains (where substrate oxidation occurs) showed that the active sites are nearly identical (9) . As a result, isoform-selective drug design is a challenging problem with NOS. Most early efforts were directed at making nonselective NOS substrate analog inhibitors, which, however, could be harmful by interfering with other essential functions of NO. Although one study showed that the nonselective NOS inhibitor N[G]-amino-Larginine sensitized ovarian cancer cells to cisplatin with enhanced apoptosis (27) , its low potency precluded potential clinical benefit. Therefore, to minimize side effects, high selectivity is very critical in the design of NOS inhibitors.
Nevertheless, the Poulos and Silverman labs have successfully elucidated the structural basis for a group of highly selective nNOS inhibitors and designed new classes of more potent drug-like inhibitors (22, 23, 52) . In our studies, we have tested a group of these potent nNOS inhibitors with distinct K i values for nNOS, iNOS, and eNOS, which efficiently inhibited UVA-induced NO production and reduced the invasion potential of metastatic melanoma cells. We correlated their iNOS or nNOS inhibitory potency with observed anti-invasion . Pretreatment: pretreated with cpd8 for 24 h, followed by UVB radiation; cotreatment: radiated by UVB, then replaced with fresh growth media containing cpd8. Twentyfour hours later, whole cell lysates were collected for immunoblotting analysis. (E, F) Elevated proliferation (E) and invasion potential (F) by DETA/NO stress were also reversed by cpd8 cotreatment. *p < 0.05, compared to DETA alone (n = 2). Proliferation was detected by MTT colorimetric assay (n = 3). To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars activities, but due to the limited number of samples available no significant correlations were identified ( Supplementary Fig.  S11 ); however, a positive regression curve was more evident for nNOS, suggesting that the inhibitory effects of nNOS are more related to melanoma inhibition as compared to that of iNOS or eNOS. With more compounds synthesized and examined, we hope to achieve enough statistic power to confirm such a trend of correlation in our future studies.
Notably, among our screened nNOS inhibitors, cpd2, which shows a relatively weak nNOS selectivity and inhibition potency, has exhibited promising cytotoxicities in human melanoma. At concentration £ 5 lM, cpd2 exhibited no apparent toxicities in human immortalized melanocytes. In our future studies, we will perform more extensive structure/activity comparisons to identify the key modalities that enhance nNOS inhibition potential and improve the selective antimelanoma activities before embarking on in vivo mouse studies.
Materials and Methods
Cell culture
Human melanocytes were isolated from new-born foreskin following the procedure described previously (57) , and cultured in MCDB153 medium (Sigma, St. Louis, MO). Primary fibroblast cells and keratinocytes were also isolated from foreskins (20) , and cultured in Dulbecco's Modified Eagle Medium (DMEM) and EpiLife medium, respectively ( < 10 passages). Primary melanoma wm3211 and metastatic melanoma A375, Lu1205, Sk-Mel-28, c83-2c, c81-61, and c81-46A cells were cultured as described previously (57) . Human immortalized melanocyte cell line Mel-ST was generously gifted by Dr. Weinberg and cultured in DMEM supplied with fetal bovine serum (FBS).
Mouse melanocytes (Melan-A) were cultured in RPMI1640 medium supplied with 10% FBS, pennicillin/streptomycin, 0.1 mM 2-mercaptoethanol, and 200 nM 12-O-Tetradecanoylphorbol 13-acetate. Mouse melanoma cells F5061, F4280b, and F5127 were established in melanoma lesions developed in HGF/SF transgenic mouse and were cultured in DMEM.
Materials
The NO donor DETA/NO (Alexis Biochemicals) was dissolved in phosphate buffered saline and used at a concentration of 100 lM. Resveratrol and curcumin were purchased from Sigma Life Sciences, dissolved in dimethyl sulfoxide, and used at a concentration of 50 lM. L-arginine was also ordered from Sigma and the final concentration used in our study is 2.87 mM. Antibodies used for immunoblotting analysis [JunD, MMP-1, Bcl-2, S-100, and nNOS (SC-17825)] were from Santa Cruz Biotechnology; a-tubulin or b-actin antibody was from Sigma Life Sciences; and APE/Ref-1 antibody was from Novus Biologicals.
Tissue array and IHC staining
A human melanoma tissue array (ME482) was purchased from U.S. Biomax, Inc. The tissue array includes matched normal skin tissues that were biopsied from the adjacent tissue of each cancer tissue from individual patients. The HRP-AEC Chromogen staining kit (R&D Systems) was used to visualize the expression levels of nNOS. Briefly, the slide was deparaffinized and rehydrated through a graded series of ethanol. After sequential blockings with peroxidase/ serum/avidin/biotin blocking reagents, the slide was incubated with nNOS antibody (1:500) at 4°C overnight. Following washes, the secondary biotinylated anti-mouse antibody (1:200) and HSS-HRP were sequentially applied for 30 min at room temperature, and the reaction product was visualized with hydrogen peroxide and AEC as chromogenic substrate, which revealed a bright red immunoreactivity. For S-100 and HMB-45 staining, slides were incubated with S-100 and HMB-45 antibodies, respectively, and the staining was visualized by DAB kit (Santa Cruz Biotech), which develops a brown color. All the samples were counterstained by hematoxylin.
Cell protein extraction and Western blot analysis
Melanoma cells were collected and lysed as described previously (61) . Equal amounts of protein samples were subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis, and transferred to nitrocellulose membranes. The specific protein was then detected by the antibodies [anti-APE/Ref-1 (1:3500), anti-nNOS, anti-Bcl-2 and anti-MMP-1 (1:1000), anti-AP-1/JunD and anti-a-tubulin or anti-actin (1:1000)] followed by a chemiluminescence detection reagent (Peirce). Signal intensity on membranes was measured using an imaging densitometer with Multi-Analyst software (BioRad). All data were expressed as fold change of the control based on the calculation of density values of the specific protein bands standardized by a-tubulin/actin. Measurements of intracellular NO levels and NOS activities NO was measured as nitrite by interaction with Griess reagent (Enzo Life Sciences). Briefly, after treatments, 1 · 10 6 cells were collected and cell lysis buffer was added to each sample. Freshly collected whole cell lysates were then reacted with Griess reagent for detecting nitrite concentrations according to nitrite standard curve. The NOS enzyme activity was analyzed by ultrasensitive colorimetric assay according to the manufacturer's protocol (Oxford Biomedical Research, Inc.).
Matrigel invasion assay
The invasiveness of melanoma cells were assessed based on the invasion of cells through matrigel-coated membrane (BD Biosciences). Briefly, melanoma cells were collected and reconstituted in a serum-free medium. Prepared cells were added to the upper matrigel-coated insert. After a 20 h incubation period, cells were fixed and stained with hematoxylin. Membranes were visualized microscopically and the invading cells on each of triplicate membranes were counted and averaged for 20 random fields.
Transient siRNA and stable shRNA transfection studies siRNA duplexes directed against NOS1 (nNOS) were purchased directly from Sigma-Aldrich (NM_000620). 
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melanoma cells (A375 and Lu1205) were incubated with lentivirus-containing supernatant in the presence of hexadimethrine bromide (8 lg/ml) in flasks for 24 h. To establish cells with stable integrating shRNA constructs, replace media with fresh puromycin-containing media every 3 days until resistant colonies can be identified. Cells with stable expression of shRNA were confirmed by immunoblotting assay and collected for further in vitro and in vivo studies.
3D skin reconstructs
Epidermal equivalents were constructed by mixing metastatic melanoma A375 cells with keratinocytes at a ratio of 1:15. Once the epidermis is adhered to the dermal layer, skin equivalents are then lifted to the air-liquid interface to allow keratinocyte differentiation. In terms of treatments, Larginine (2.87 mM), with the presence or absence of nNOS inhibitor cpd8, was added directly to the culture medium from the lift-up day for 2 weeks. By the end of the experiments, the skin equivalents were fixed and stained with hematoxylin and eosin for pathological evaluation. S-100 staining as a melanocyte biomarker was performed to visualize and confirm the melanoma lesions (20) .
Animals and melanoma xenograft in vivo model
All the animal procedures were approved by the Institutional Animal Care and Use Committee at University of California Irvine. Male immunodeficient Balb/C nude mice purchased from Charles River were housed and maintained in UCI animal care facilities under specific pathogen-free conditions. Human melanoma cells were collected in single-cell suspension and the subcutaneous xenograft tumor model was generated by subcutaneously inoculating melanoma cells into nude mice (1 · 10 6 cells in 100 ll volume per mouse). The growth of solid tumor xenografts was monitored three times a week and measured using vernier calipers. The size of subcutaneous tumors was calculated as tumor volume (mm 3 ) = [L · (W 2 )]/2. The mice were scarified at the end of experiment on day 21. The tumor xenografts and lungs were carefully removed, weighed, and fixed in formalin solution. To examine the macrometastatic nodules in lungs, immunohistochemical HMB-45 staining was applied subsequently to determine the presence of lung metastases of human melanoma cells.
Synthesis of novel nNOS inhibitors and the docking model
The design and syntheses of novel nNOS inhibitors have been reported previously (21, 22) . In addition, the crystal structure of nNOS complexed with several of these, including cpd8, has been determined (11) . Among them, we have chosen eight compounds representing a varied range of structure and activities (summarized in Table 1 ).
Statistical analysis
Data are presented as the mean -SD and Student's t-test was used to compare two groups, with a p value of < 0.05 considered statistically significant. All tests were two sided. One-way Analysis of Variance was performed to study the association between the nNOS staining scores and disease stages, followed by linear trend analysis. Linear regression analysis was applied to study the association between nNOS/ iNOS inhibition and anti-invasion activities of novel synthesized inhibitors. The coefficient of determination (R 2 ) and the p-value were reported.
